the mutation. The mutant form fails to compete with miR-205 (miR205) for overlapping target sites on the 3 UTRs of INPPL1 and ITGB4. Although these target genes and miR-205 are expressed widely, the phenotype is restricted to the cornea and lens because of the very high expression of miR-184 in these tissues. Our finding highlights the tissue-specificity of a gene network regulated by a miRNA. Awareness of the important function of miRNAs may aid identification of susceptibility genes and new therapeutic targets for treatment of both rare and common diseases.
Keratoconus (MIM 148300) is a non-inflammatory thinning of the central cornea, which results in cone-shaped protrusion of the cornea, alteration in refractive power, reduced visual acuity and image distortion. It is the most common corneal dystrophy, with an incidence of 1 in 2,000 1 and is a major reason for corneal transplantation. 2 Keratoconus is usually inherited as an autosomal dominant trait with variable expression. Mutations in the visual system homeobox 1 gene (VSX1 [MIM 605020]) have been identified in patients with keratoconus, however their role in causing disease is controversial. 3, 4 The pathological mechanism behind keratoconus is poorly understood, but evidence points towards dysregulation of apoptosis. 5, 6 Small (19-25 nucleotide) regulatory strands of RNA, named microRNAs (miRNAs), bind to complementary sequences, usually in the 3 UTR of mRNA of target genes, leading to degradation of the mRNA or suppression of translation. 7 As part of a RNA-induced silencing complex, each miRNA may target mRNA from hundreds of genes. 8 (Table 1) . We searched dbSNP and the 1000 Genomes Project data release of May 2011 for these polymorphisms. All but two SNPs were already known and were identified in European populations at a frequency of greater than 7.5% and were thus excluded from further consideration. A deletion of two bases was not recorded in dbSNP or the 1000 Genomes Project. Three possible causative mutations were therefore identified (Table 2) .
We searched public databases for information about the function and expression of MIR184, DNAJA4 and IREB2. MiR-184 is the most abundantly expressed microRNA in the corneal and lens epithelia, and is known to be involved in the regulation of protein levels in those tissues. 9 The novel heterozygous C-to-T transition (r.57c>u) within miR-184 ( Figure 1 ) is in the central nucleotide of the functionally essential seven-base miRNA seed region. DNAJA4 is expressed in a wide range of tissues. Its product is a chaperone molecule involved in cholesterol biosynthesis. 19 The two bases are deleted from the start codon of an alternatively spliced first exon. The deletion is predicted to prevent formation of isoform 3 of DNAJA4 from this allele. Relatively little is known about this gene, but it is not known to have any important role in the eye. IREB2 (MIM 147582) encodes an iron-responsive element binding protein which regulates iron metabolism. 20 The mutation in IREB2 in the 3 UTR is not predicted by MicroCosm
Targets to interact with any miRNA. 21, 22 In light of its role and specific abundance in the cornea and lens, the mutation altering the seed region of miR-184 (r.57c>u) was the compelling candidate of the three previously unknown variants detected within exons. The gene is conserved in all 65 species known to have a copy of miR-184 ( Figure 2A ). We performed conventional sequencing of MIR184 (Table S1) Blunt-ended double-stranded miRNA mimics for the predominant isoforms of miR-184
and miR-205 ( Figure S1 ), and for the mutant miR-184 (r.57u) were synthesized by Invitrogen (Table S2) ).
The tissue-specific expression of miR-184 is of prime importance in the phenotypic effects that the mutation causes. Within the cornea, miR-184 expression is restricted to central basal and suprabasal epithelial cells, 9 under which the stromal thinning occurs in keratoconus. Within the lens, the epithelium lies anteriorly and, paralleling the cornea, has less proliferative capacity centrally. 31 This anterior lens epithelium expresses miR-184, 9 adjacent to the site of cataract in the affected family.
In the cornea, ITGB4 forms part of the α6β4 heterodimer, which is the principal component of corneal basal epithelial hemidesmosomes. 28 Following corneal injury, hemidesmosomes in the basal epithelial layer are degraded to allow epithelial cell migration and are subsequently rebuilt. Expression of miR-184 is halted at the site of corneal injury, and returns after healing. 9 Dysregulation of the expression of ITGB4 in the central cornea (the site of miR-184 expression) may therefore also be important.
The stromal keratocytes underlying the site of an injury undergo rapid apoptosis as a defense mechanism. 6 Therefore the role of INPPL-1 in regulation of apoptosis may also be vital in the development of keratoconus and cataract. In some cases, myopia is due to a steeply curving cornea. A genome-wide association study identified a small region encompassing MIR184 as a major myopia locus, 33 and focused on RASGRF1 (MIM 606600), which is adjacent to MIR184. Our finding that a MIR184 mutation causes keratoconus suggests that this gene warrants further investigation with respect to myopia.
The role of miRNAs in human diseases and possible treatments is a new and expanding field of study. This is the second report of a mutation in a miRNA associated with a human mendelian disease. The previous report identified two mutations in miR-96 that resulted in hereditary deafness in two Spanish families. Primer Name Sequence
MIR184 F 5-ACGTCCATTTACATCTTGTCCTGC-3
MIR184 R 5-ACACAAAGGCTACCCCAGCATCC-3 Table S2 . MiRNA mimic sequences
